Coenzyme B 12 [adenosylcobalamin (AdoCbl)] 1 is an organometallic cofactor required in a variety of metabolic reactions (1) . In mammals, AdoCbl is used exclusively by the enzyme methylmalonyl-CoA mutase, which participates in the catabolism of various amino acids, odd chain fatty acids, and cholesterol (2, 3) . Humans are unable to synthesize AdoCbl de novo. Consequently, cobalamin [vitamin B 12 (CNCbl)] ( Figure 1A ) must be ingested, absorbed, and transported to the mitochondria, where an ATP:cob(I)alamin adenosyltransferase (ACA) catalyzes the transfer of the 5′-deoxyadenosyl moiety of ATP to the upper axial ligand position of cobalamin (Cbl), generating AdoCbl ( Figure 1 ). Patients with malfunctions in ACA are impaired in their ability to generate this cofactor and suffer from methylmalonic aciduria, a rare but potentially fatal disease characterized by an accumulation of methylmalonic acid in the blood and urine (4) .
The reaction catalyzed by ACA enzymes proceeds through a direct, nucleophilic attack from the Co + of cob(I)alamin to the 5′-carbon of ATP ( Figure 1C ). When ingested as vitamin B 12 , Cbl is in the Co 3+ oxidation state. Thus, two one-electron reductions of the corrin cobalt [cob(III)alamin f cob(II)alamin f cob(I)alamin] are required to generate the reactive Co + nucleophile. The standard potential for reduction of aquacob(III)alamin to cob(II)alamin is 200 mV versus the standard hydrogen electrode (SHE) (5) , and this reduction occurs easily within the reducing intracellular environment (6) . However, the subsequent reduction of cob(II)alamin to cob(I)alamin has a reduction potential of -610 mV versus the SHE (5), significantly lower than the reduction potential of available in vivo reducing agents (7, 8) . Spectroscopic evidence supports the idea that ACA enzymes bind cob(II)alamin and convert it to a rare, base-off, fourcoordinate intermediate exclusively in the presence of the ATP substrate (8) (9) (10) . This conversion raises the redox potential of the cob(II)alamin/cob(I)alamin couple and facilitates the final electron transfer from an electron transfer protein or an associated reductase (11) (12) (13) . The resulting cob(I)-alamin "supernucleophile" is poised to attack the 5′-carbon of ATP in the ACA active site, generating AdoCbl and tripolyphosphate [PPP i ( Figure 1C )] (14, 15) . Thus, ACA enzymes are charged with two distinct tasks. (1) They must facilitate electron transfer to cob(II)alamin by generating a four-coordinate intermediate species, and (2) they must lower the activation energy barrier for the subsequent nucleophilic attack by orienting the substrates for catalysis and stabilizing the transition state (16) . A description of how the enzyme accomplishes either of these tasks at the molecular level remains incomplete. The structures of AdoCbl-dependent enzymes have, in some cases, shown the lower axial ligand of Cbl replaced with a histidine residue to form a His-on/ base-off, five-coordinate cobalamin (17, 18) . However, the proposed four-coordinate conformation of cob(II)alamin in ACA has not been observed in the crystal structure of any B 12 binding protein.
Three structurally distinct types of ACA were originally identified in Salmonella enterica: CobA, EutT, and PduO (15, 19, 20) . CobA is the housekeeping enzyme in Salmonella, while EutT and PduO play specialized roles in ethanolamine and propanediol utilization pathways, respectively. Despite its specialized role in Salmonella, PduO is the most widely distributed ACA enzyme, with homologues identified in species of archaea and bacteria, and eukaryotes ranging from algae to humans (21) (22) (23) . In humans, a single PduO-type ACA enzyme is used for the generation of AdoCbl from vitamin B 12 . Recently, X-ray crystal structures of PduO-type ACAs from Homo sapiens (24) and Lactobacillus reuteri (25) have been reported with ATP bound in the active site, revealing a unique ATP binding motif near the subunit interface. These structures revealed the bacterial and human enzymes to be very similar. While recent structural studies have attempted to determine the binding location of Cbl at the active site (24) (25) (26) , this substrate has not yet been observed bound to any PduO-type enzyme. Since ACA function is dependent on cob(II)alamin binding and four-coordinate formation, a description of the molecular interactions with Cbl is required to improve our understanding of enzyme function and to further characterize dysfunctions that result in human disease.
We have determined the X-ray crystal structures of a PduO-type ACA from L. reuteri (LrPduO) complexed with a four-coordinate cob(II)alamin intermediate and with the product, AdoCbl, to high resolution. The structures provide insights into the molecular basis of four-coordinate cob(II)-alamin stabilization and permit the assembly of a complete description of the reaction steps in the ACA-catalyzed reaction.
EXPERIMENTAL PROCEDURES
Adenosyltransferase Assay. The LrPduO protein was produced and purified as previously described (16, 25) . Corrinoid adenosylation assays were performed under anoxic conditions at 25°C. Stock solutions (typical volumes of 20-300 µL) were sparged with O 2 -free N 2 for 2-3 min and incubated in an anoxic chamber for 1-2 h to ensure removal of O 2 from the solutions. To assay adenosylation activity under initial velocity conditions, a 2 mL reaction mixture contained the following: ATP (1 mM), MgCl 2 (1.5 mM), HOCbl (0.5 mM), FMN (2 mM), NADH (20 mM), NAD-(P)H:flavin oxidoreductase [Fre (6); 500 µg/mL], morpholinoethanesulfonic acid (MES, 100 mM, pH 6.0), and KCl (100 mM). This solution was incubated for 2 h prior to initiation of the reaction to allow complete reduction of HOCbl to cob(II)alamin. The adenosylation reaction was initiated by the addition of the LrPduO protein to a final concentration of 100 µg/mL.
Adenosylation activity was also measured under reaction conditions closely approximating those in the crystallization drops. For this assay, a 1.5 mL reaction mixture contained the following: ATP (1 mM), MgCl 2 (1.5 mM), HOCbl (1 mM), FMN (1 mM), NADH (10 mM), Fre (50 µg/mL), MES (100 mM, pH 6.0), and KCl (100 mM). The reaction mixture was incubated for 2 h, and the reaction was initiated by the addition of the LrPduO protein to a final concentration of 1 mg/mL.
All reactions were performed in an anoxic chamber (Coy Laboratory Products, Grass Lake, MI). At fixed time intervals, a 100 µL sample was removed from the reaction, diluted 1:10 with anoxic buffer containing 4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid (HEPES, 100 mM, pH 8) and NaCl (500 mM), sealed in a 1 cm path length anoxic cuvette, and removed from the anoxic chamber. AdoCbl was quantified by measuring the difference in absorbance at 525 nm, before and after a 10 min photolysis of the reaction product, AdoCbl (∆ 525 ) 4.8 cm
) (27) . Spectroscopic Measurements. The sample prepared for low-temperature electronic absorption and magnetic circular dichroism (MCD) experiments was injected anoxically into a preassembled MCD cell and frozen in liquid nitrogen. All spectra were collected on a Jasco J-715 spectropolarimeter in conjunction with an Oxford Instruments SM-4000 8T magnetocryostat. To remove the contribution from the natural CD and glass strain to each MCD spectrum, the difference was taken between spectra obtained with the field aligned parallel and antiparallel to the light propagation axis. The room-temperature absorption spectrum of a single crystal was obtained using a Varian Cary 5e spectrophotometer. The crystal was embedded in epoxy resin to protect it from air oxidation, and a small piece of epoxy was placed in the reference beam to reduce contributions from the epoxy to the absorption spectrum.
Crystallization and Data Collection. The LrPduO protein was produced and purified as previously described (25) . All crystals of the tag-cleaved LrPduO protein were grown using the vapor diffusion method in an anoxic chamber at 25°C. . The X-ray source was Cu KR radiation from a Rigaku RU200 X-ray generator equipped with Montel optics and operated at 50 kV and 90 mA. These data were processed with SAINT (version V7.06A, Bruker AXS Inc.) and internally scaled with SADABS (version 2005/1, Bruker AXS Inc.). A data set for the crystal of the reacted complex (LrPduO-PPP i -AdoCbl) was collected at the Advanced Photon Source in Argonne, IL, on beamline 19ID. Diffraction data were integrated and scaled with HKL2000 (28). Data collection statistics are summarized in Table 1 .
Structure Determination and Refinement. The structures were determined by molecular replacement with MOLREP (29) starting from the model of the wild-type LrPduO protein complexed with ATP (PDB entry 2NT8). The structure of the reacted complex (LrPduO-PPP i -AdoCbl) was subjected to final refinement using loose geometric restraints (WEIGht MATRix 5), and the structures of the unreacted complexes [LrPduO-ATP-cob(II)inamide and LrPduO-ATP-cob(II)-alamin] were subjected to final refinement using medium geometric restraints (WEIGht MATRix 0.3), with REFMAC (30). Heteroatoms, water molecules, and multiple conformations were built using COOT (31) . The final models for the
LrPduO-ATP-cob(II)alamin, LrPduO-ATP-cob(II)-inamide, and
LrPduO-PPP i -AdoCbl complexes were refined to 1.9, 2.1, and 1.1 Å, respectively. In all cases, the models include residues 1-188, comprising the complete polypeptide chain. Ramachandran plots for all models show that greater than 96% of residues are in the most favored region with no residues falling in the disallowed region. Refinement statistics are listed in Table 1 .
RESULTS

Spectroscopic Characterization of Crystal Mother Liquor
Components. The LrPduO protein was crystallized under anoxic conditions in the presence of an accompanying enzyme system designed to reduce cob(III)alamin to cob(II)alamin. In this flavin-dependent reducing system, an NAD(P)H:flavin oxidoreductase (Fre; EC 1.6.8.1) reduces FMN to FMNH 2 and the reduced flavin rapidly reduces HOCbl to cob(II)alamin (6) . The components of this system have been shown not to produce detectable levels of AdoCbl in the presence of ATP-bound CobA from S. enterica (6) . Absorption spectra of the mother liquors used for crystallization, both in the presence and in the absence of the LrPduO protein, exhibit a prominent feature in the visible spectral region (the so-called R-band) at 474 nm ( Figure 2A , red and blue traces). This R-band position is characteristic of cob(II)alamin (dashed yellow line), demonstrating that HOCbl was stoichiometrically reduced to cob(II)alamin under the crystallization conditions. Importantly, the spectra of the mother liquors showed no evidence of cob(I)alamin.
Magnetic circular dichroism (MCD) spectroscopy offers a sensitive probe of the electronic structures of co(II)rrinoids, producing a characteristic spectrum for four-coordinate cob(II)alamin (8) (9) (10) . The low-temperature MCD spectrum of a frozen glass of the crystal mother liquor revealed a weak but highly characteristic spectrum of four-coordinate cob(II)-alamin in the presence of LrPduO ( Figure 2B ). The weak MCD spectrum resulted from the reduced molar ratio of LrPduO to cobalamin in the crystallization drops. A much stronger MCD signal has been recorded for LrPduO when its concentration is in excess over cobalamin (K. Park, P. Mera, J. C. Escalante-Semerena, and T. C. Brunold, submitted manuscript). Nevertheless, the distinct feature at 12430 cm -1 (804.5 nm) in the presence of the LrPduO protein unambiguously indicated the presence of four-coordinate cob(II)alamin. The temperature dependence of the MCD spectrum confirmed that this peak is not a result of contamination or noise and demonstrated the feature to be specific to four-coordinate cob(II)alamin.
Unexpectedly, the absorption spectrum of the crystallization mother liquor also showed a contribution from the reaction product, AdoCbl (Figure 2A , red trace). In the 4.5 K absorption spectrum of a frozen glass of the mother liquor containing LrPduO, the contribution from AdoCbl is evident from two shoulders at 17920 cm -1 (558 nm) and 18870 cm -1
(530 nm), corresponding to the R-and -bands of AdoCbl, respectively. These features are not present in the mother liquor prepared in the absence of LrPduO (Figure 2A , blue trace). To explore the origin of this unexpected result, single- crystal absorption spectra were collected. A representative single-crystal absorption spectrum from a crystal grown for 21 days in the same mother liquor is overlaid in Figure 2A (black trace). Most importantly, there is no spectroscopic evidence for any cob(I)alamin in the crystal. The slight shoulder at ∼400 nm could not be reproduced between individual spectra and is attributed to the absorption from the epoxy resin and not from a trace amount of cob(I)alamin. Furthermore, the single-crystal absorption spectrum shows none of the lower-energy features (>600 nm) that are typical of cob(I)alamin (black trace vs dashed green trace in Figure  2A ). CD spectroscopy further demonstrates the absence of any cob(I)alamin features in the crystallization mother liquors ( Figure S1 of the Supporting Information). The R-band in this single-crystal absorption spectrum is centered at ∼500 nm. The band is blue-shifted relative to AdoCbl and redshifted relative to cob(II)alamin, consistent with a mixed contribution from six-coordinate AdoCbl, five-coordinate AdoCbl, and cob(II)alamin. The X-ray data collected from a similar crystal revealed electron density that corresponded to a mixture of AdoCbl and cob(II)alamin (vide infra). The steep increase in absorbance at wavelengths shorter than 380 nm resulted from the sample being mounted in epoxy resin and precluded further interpretation of the spectrum.
The 4.5 K absorption spectra of crystal mother liquors indicated that, under the conditions used for crystallization, AdoCbl is produced in the presence of the LrPduO protein.
To confirm that AdoCbl was being produced by LrPduO in the crystallization drops, the rate of adenosylation was measured in the presence of all components of the crystal mother liquor, with the exception of polyethylene glycol 8000. The specific activity was determined to be 0.5 nmol min -1 mg -1 in the presence of ATP (1 mM), MgCl 2 (1.5 mM), NADH (20 mM), FMN (2 mM), HOCbl (0.5 mM), KCl (100 mM), and Fre (0.5 mg/mL) ( Figure 2C, b) . Conversely, no AdoCbl was produced in the absence of the LrPduO protein (data not shown). Compared to the reaction conditions described above, the crystals grew under conditions that included a 20-fold lower concentration of Fre protein, a 2-fold lower concentration of both FMN and NADH, and a 100-fold higher concentration of LrPduO protein. Under these conditions, AdoCbl was generated in a rapid burst to ∼300 µM ( Figure 2C , 2) and the reduced flavin pool became rapidly oxidized [as observed by an increase in the absorption peak at 450 nm corresponding to oxidized FMN (data not shown)]. At this concentration, the Fre protein did not maintain a recycled pool of FMNH 2 , and the resulting rate of AdoCbl formation was very slow following the initial burst. Consistent with these kinetic results, spectra of crystallization solutions taken after ∼72 h were calculated to contain ∼20% AdoCbl. Collectively, these spectroscopic and kinetic analyses reveal that crystals were grown from a heterogeneous mother liquor containing both cob(II)alamin and AdoCbl. The crystals grew spontaneously to their maximum size within 24-48 h. During this period, the crystallization liquor was predominantly composed of cob(II)alamin and ATP but also contained 20-30% AdoCbl.
Corrinoid Binding Site of LrPduO. X-ray diffraction data were collected on a crystal grown anoxically for 5 days in the presence of MgATP, HOCbl, and the flavin reducing system. The structure was determined by molecular replacement, using initial phases from the crystal structure of LrPduO complexed with MgATP (PDB entry 2NT8) (25) . The final structure was refined to 1.9 Å resolution, with an R cryst of 15.7 and an R free of 20.4 ( Table 1 ). The structure revealed that LrPduO included both MgATP and Cbl bound in the active site. LrPduO is a trimer consisting of three independent five-helix bundles, with the active sites lying at the interface between adjacent monomers ( Figure 3A) . All three active sites of the trimer are identical and are fully occupied by both substrates. The Cbl substrate is bound in a cleft at the subunit interface, immediately above MgATP ( Figure 3A) . Most notably, the lower axial dimethylbenzimidazole (DMB) ligand of Cbl is pushed out of the active site and no longer coordinates to the cobalt atom. The vacant lower axial coordination site is not occupied by a water molecule or by a functional group from the protein. Rather, the protein environment in this region consists of several bulky, hydrophobic residues positioned in the proximity of the cob(II)alamin substrate ( Figure 3B ). These residues crowd out the lower DMB ligand without providing a replacement or allowing the binding of an exogenous ligand. The density for the DMB ligand is disordered beyond the bridging phosphate, precluding a precise definition of its position in this structure and suggesting that the DMB arm remains unbound and solvent-exposed.
Combined with the spectroscopic results presented above, the absence in the structure of both a lower and upper axial ligand conclusively demonstrates the presence of a fourcoordinate cob(II)alamin species in the active site of the LrPduO enzyme.
The structure of the LrPduO enzyme complexed with MgATP and cob(II)alamin deviates very little from the LrPduO structure complexed with MgATP alone (rmsd ) 0.26 Å for the R-carbon backbone with PDB entry 2NT8). Notably, the position and arrangement of ATP are unchanged in the presence of bound cob(II)alamin. Two changes in conformation accompany the binding of cob(II)alamin and provide a mechanism for formation of the four-coordinate cob(II)alamin intermediate ( Figure 3C ). Whereas the immediate C-terminus of the enzyme has been disordered in all but one of the reported structures of PduO [ST1454, a PduO-type adenosyltransferase from Sulfolobus tokodaii, has a fully ordered C-terminus (32)], the six terminal residues of LrPduO (Ser183-Arg188) become fully ordered in the presence of bound cob(II)alamin. Two hydrogen bonds between the terminal amino acid backbone (Arg188) and a corrinoid amide serve to clamp the C-terminus onto the bound cob(II)alamin substrate. In addition, the position of the loop connecting helices 3 and 4 is significantly altered in the presence of bound cob(II)alamin. This loop is anchored by two conserved proline residues. Pro115 is conserved across all PduO-type ACA homologues, while the second proline, Pro107, is conserved either at this position or at the preceding position in all eukaryotic and prokaryotic PduO-type ACA homologues (for detailed sequence alignments, see refs 21, 25, and 26) . The loop acts as a hinged lid (33) to fold down on the bound cob(II)alamin substrate. Two hydrogen bonds between the main chain of Ile113 and an amide substituent of cob(II)alamin lock the loop into a closed conformation. The closure of this loop significantly alters the position of Phe112 such that the carbon at the para position of the side chain's aromatic ring moves ∼4 Å into the active site to occupy a position 3.8 Å from the cobalt atom of cob(II)alamin. This Phe112 residue is conserved among PduO-type ACA enzymes (21) .
Additional hydrogen bonding interactions with the cob-(II)alamin substrate involve residues from both monomer subunits and span the complete circumference of the corrin ring ( Figure 4 ). The majority of these interactions originate from main chain amides and carbonyls. Several of these interactions are mediated through ordered water molecules. This may explain why very few of the interactions of the protein with cob(II)alamin originate from evolutionarily conserved residues. The single invariant residue is Arg128, which forms a direct contact from its side chain to a corrin ring amide.
Unlike other reported structures of PduO, the LrPduO structure with bound cob(II)alamin and MgATP reveals the presence of an additional potassium ion in the active site, coordinated by the side chain of Asp160, the backbone carbonyl of Ile3, and the R-and γ-phosphates of MgATP ( Figure 3C , purple sphere). The protein was crystallized in the presence of 100 mM KCl, making the functional relevance of this potassium ion unclear. While electron density has been observed at this location in other reported structures of PduO (16, 24) , it has been assigned as a second Mg 2+ ion in these structures. The majority of the ATPbinding determinants remain unchanged in the presence of bound cob(II)alamin, though some residues that had adopted alternate conformations in the presence of ATP alone (Arg128 and Arg132) are locked into a single conformation in the presence of cob(II)alamin. Notably, the binding of Cbl results in the movement of Tyr31 into the active site, providing an additional hydrogen bonding interaction to the 2′-OH group of ATP. This is not expected to be a common or essential feature of PduO catalysis since Tyr31 is not conserved. The equivalent position is occupied by Val in human and bovine PduO and by Leu in S. tokadaii PduO (21, 32) .
Cobinamide and Cobalamin Binding Is Structurally Indistinguishable. To further investigate whether the DMB arm plays a role in positioning the corrin substrate in the active site, crystals were grown anoxically for 7 days in the presence of dicyanocobinamide [(CN) 2 Cbi], MgATP, and the flavin reducing system. (CN) 2 Cbi is a derivative of CNCbl that lacks the lower DMB ligand. These crystals were harvested and frozen in liquid N 2 , and the X-ray diffraction data were collected. The structure revealed Cbi bound to LrPduO in a manner identical to that of Cbl, suggesting that the DMB arm plays no role in positioning the substrate for catalysis ( Figure S2 of the Supporting Information; rmsd ) 0.07 Å for all main chain atoms). There was no electron density corresponding to a lower axial ligand for cob(II)inamide ( Figure S3 of the Supporting Information). This is not surprising considering that cob(II)inamide is known to bind CN -very poorly at neutral pH (34) . Furthermore, sodium borohydride reduction of (CN) 2 Cbi at pH 7 gives an MCD spectrum identical to that of reduced adenosylcobinamide and base-off cob(II)alamin (9), confirming that CN -does not form an R-ligand to cob(II)inamide at neutral pH.
The finding that cob(II)alamin and cob(II)inamide are bound by LrPduO in identical positions and orientations is consistent with the finding that LrPduO can adenosylate Cbi with kinetic constants very similar to those for Cbl (K. Park, P. Mera, J. C. Escalante-Semerena, and T. C. Brunold, submitted manuscript). As with Cbl, Cbi is subjected to substrate inhibition at subsaturating concentrations of ATP (16) , further supporting an identical mode of binding for the two corrinoid substrates.
AdoCbl and Tripolyphosphate Products in the LrPduO ActiVe Site. Attempts to grow crystals in the presence of the products AdoCbl and PPP i or in the presence of 5′-deoxyadenosine, cob(II)alamin, and PPP i were unsuccessful. (50) . The hydrogen bond between the amide of locant c and Ser159 is with the main chain carbonyl and not the hydroxyl side chain. The amide substituent at locant g deviates slightly between the structures, and the hydrogen bond with Ile15 participates through an intervening water in the case of the LrPduO-ATP-cob(II)alamin complex. The DMB ligand of cobalamin is not shown as it lies outside of the active site and the corresponding density is disordered beyond the bridging phosphate atoms.
A crystal incubated for 65 days in the crystallization liquor containing reduced cobalamin and MgATP diffracted to better than 1.1 Å resolution with synchrotron radiation (Table  1) but had poorly ordered density corresponding to the adenosine moiety of ATP. Rather, the electron density was best modeled as fully occupied PPP i with partially occupied adenosine and partially occupied water molecules ( Figure  5 ). The prolonged incubation allowed sufficient time for the slow conversion of substrates to the products AdoCbl and PPP i . Most notably, the 5′-carbon of the adenosine ring was shifted from its previous position in the cob(II)alamin-ATP structure and was positioned at a distance and angle consistent with a covalent carbon-cobalt bond with Cbl. The electron density was incomplete between the carbon and the cobalt; however, this bond is known to be labile under X-rays (35) , and the observed density was similar to what has been reported for AdoCbl in 5,6-lysine aminomutase (36) . Thus, the electron density was modeled as partially occupied five-coordinate AdoCbl in the enzyme active site. Aside from the shift in the position of the 5′-carbon, the remaining conformation of LrPduO was unchanged (rmsd ) 0.09). Thus, no significant structural changes accompany the conversion of substrates into products in LrPduO.
DISCUSSION
To catalyze the transfer of the 5′-deoxyadenosyl group from ATP to Cbl, ACA enzymes must both facilitate the reduction of cob(II)alamin to cob(I)alamin and lower the reaction energy barrier for catalysis through favorable substrate orientation and transition state stabilization (16) . Spectroscopic studies have demonstrated that ACAs form a rare, four-coordinate cob(II)alamin species exclusively in the presence of ATP (8, 10, 37) . This unusual coordination environment facilitates the reduction of cob(II)alamin to cob(I)alamin by raising the midpoint reduction potential into a range compatible with electron transfer proteins and cellular reductases (5, 8) . In this way, ACA enzymes limit the formation of the highly reactive cob(I)alamin supernucleophile to the controlled environment of the enzyme active site, where C5′ of ATP is preoriented to serve as the electrophile in the reaction.
In the absence of structural information detailing the binding of Cbl in the active site, the molecular basis for fourcoordinate cob(II)alamin formation and orientation in PduOtype ACA enzymes has remained unclear. Previous attempts to cocrystallize PduO enzymes with cob(III)alamin failed to yield interpretable electron density for the Cbl substrate (24) (25) (26) . This was likely a result of the poor binding affinity of cob(III)alamin for the enzyme. To overcome this problem, the LrPduO protein was crystallized under anoxic conditions in the presence of an accompanying enzyme system designed to reduce cob(III)alamin to cob(II)alamin (6) .
Four-Coordinate Cob(II)alamin Formation in LrPduO. Crystals harvested after 5 days reveal unambiguous electron density for cob(II)alamin and ATP in the enzyme active site ( Figure 5A ) and offer insight into the organization of the precatalytic complex. Spectroscopic data confirm that neither cob(III)alamin nor cob(I)alamin is present in the crystallization solutions. Most strikingly, there is no observed electron density that could account for an ordered water molecule serving as an axial ligand to the cobalt atom. This offers clear, visual evidence that cob(II)alamin is bound in a baseoff, four-coordinate conformation, as predicted by spectroscopic studies (8) (9) (10) .
Unlike the base-off form of bound Cbl in the class I Cbldependent isomerases (38) , in LrPduO the DMB lower ligand of Cbl is removed without being replaced by an enzymederived histidine. Rather, the DMB portion of cob(II)alamin is pushed out of the active site by bulky, hydrophobic residues that create spatial constraints on binding Cbl in a tight, hydrophobic pocket ( Figure 3B ). The structure of cob(II)inamide bound in the active site is identical to that of cob(II)alamin ( Figure S2 of the Supporting Information), further confirming that there are no significant binding determinants within the nucleotide loop that influence the position or orientation of the corrin ring in the active site. This is consistent with reported K M and K d values for PduOtype ACAs that reveal similar constants between the substrates Cbi and Cbl (37) (K. Park, P. Mera, J. C. Escalante-Semerena, and T. C. Brunold, submitted manuscript).
Concomitant with Cbl binding in the active site, a loop connecting helices 3 and 4 changes orientation to create several contacts with side chain amides of the corrin ring ( Figure 3C ). In so doing, this loop clamps down over the active site and displaces the DMB ligand into solvent. A conserved Phe residue (Phe112) is positioned at the furthest extremity of this loop and moves to within 3.8 Å of the cobalt ion. This loop exhibits many features of a hinged lid (33) . In the absence of bound Cbl, the loop is in an "open" conformation, while in the presence of bound Cbl, the loop adopts a "closed" conformation ( Figure 3C ). The conformation of this loop varies precisely between two conserved Pro residues (Pro115 and Pro107). Interestingly, the structure of ST1454 (32), a PduO-type ACA from S. tokadaii, also has the hinged lid in a closed conformation and positions a Phe in a position equivalent to that of Phe112 in LrPduO. ST1454 is also the only other reported PduO-type ACA with a fully ordered C-terminus. In ST1454, a polypropylene glycol molecule is bound in the Cbl binding pocket. The presence of this molecule may be sufficient to induce loop closure analogous to that induced by the corrinoid substrates in LrPduO.
The coordination environment of the cob(II)alamin substrate in the closed active site explains the ability of LrPduO to facilitate reduction to cob(I)alamin. Displacing the lower DMB ligand serves to destabilize cob(II)alamin in its ground state and forces it into a conformation analogous to the product, cob(I)alamin. As such, the reduction of cob-(II)alamin becomes more energetically favorable (39) . In a classic Circe effect (40) , the favorable enthalpy associated with substrate binding pays for this ground-state destabilization. The hydrophobic environment surrounding the corrin ring further favors the reduction of positive charge that accompanies the conversion of cob(II)alamin to cob(I)alamin.
Adenosylcobalamin Synthesis and Structural Characterization. Both spectroscopic and kinetic studies confirm that, under the crystallization conditions, AdoCbl is synthesized by LrPduO at a slow rate (Figure 2 ). This is in contrast to the results obtained in both Salmonella CobA and human PduO-type ACA, which revealed no detectable rate of AdoCbl formation in the absence of a cob(II)alamin/ cob(I)alamin electron transfer protein or reductase (6, 12) . For LrPduO to catalyze adenosylation with the reducing system presented here, cob(I)alamin must be generated in the absence of a specific reductase. This can occur either through a direct electron transfer to cob(II)alamin or through the natural disproportionation of cob(II)alamin (6, 41) . The unique ability of LrPduO to adenosylate Cbl in this system may be related to its unusually low K M for cob(I)alamin (25) , allowing it to catalyze the reaction more rapidly at low concentrations. Further studies are required to distinguish between direct reduction and disproportionation and are beyond the scope of this study.
The electron density obtained from the 65-day-old crystal is best interpreted as partially occupied AdoCbl and PPP i and partially occupied cob(II)alamin and PPP i , with water molecules occupying the space vacated by ATP ( Figure 5C ). The partially occupied cob(II)alamin reveals an ordered water molecule serving as an upper ligand to yield a five-coordinate species. Ligand coordination on the upper face of cob-(II)alamin is consistent with the small molecule crystal structure of heptamethylcob(II)yrinate, which shows the axial ligand preferentially coordinated to the -face of the corrin ring (42) . The partially occupied water-liganded cob-(II)alamin in the presence of PPP i is consistent with the recent demonstration that Cbl can bind nonproductively to LrPduO, even in the absence of ATP (16) . In this instance, a water molecule in the empty adenosine binding pocket occupies the upper axial coordination site of Co 2+ , resulting in a fivecoordinate cob(II)alamin species. Recent spectroscopic analysis of LrPduO reveals ∼30% base-off, water-coordinated cob(II)alamin in the absence of ATP (K. Park, P. Mera, J. C. Escalante-Semerena, and T. C. Brunold, submitted manuscript).
Structural Snapshots of the PduO-Catalyzed Reaction. In light of the recently proposed ordered binding mechanism for LrPduO (16) , the structural models permit the assembly of a complete set of snapshots describing the catalytic steps in coenzyme B 12 synthesis (Figure 6 ). The positioning and orientation of Co 2+ and C5′ are well suited for a subsequent S N 2 nucleophilic attack from cob(I)alamin on C5′ of ATP. Notably, Cbl is not perfectly centered above C5′. This allows the C5′-O bond to be in line for S N 2 nucleophilic attack, making an angle of 153°to Co 2+ of cob(II)alamin. The product of the reaction, AdoCbl, is bound in a nearly identical orientation, further suggesting that the position of the substrates is unlikely to change significantly when cob-(II)alamin is reduced to cob(I)alamin. AdoCbl remains in a base-off conformation, with the DMB ligand extending away from the active site. The similarity in the conformations of B 12 between the enzymes that synthesize and utilize the coenzyme has fueled speculation that ACA enzymes also function to directly chaperone the cofactor to downstream targets (37, 43, 44) . The observation of partially occupied AdoCbl in the PduO active site is consistent with the high binding affinity of AdoCbl for the human ACA (37) and further supports the possibility of a chaperone-like activity for PduO. In addition, the exclusion of the DMB arm from the enzyme active site provides an ideal binding determinant for interactions with downstream enzymes and for the efficient transfer of the coenzyme between active sites.
Insights into Enzyme Dysfunction Resulting in Methylmalonic Aciduria. Recent structural and kinetic characterizations of PduO-type ACAs have offered valuable insight into the molecular basis of enzyme dysfunction leading to methylmalonic aciduria (16, (24) (25) (26) . This structure offers additional insight into three characterized homozygous mutations in human patients suffering from methylmalonic aciduria: R186W, S174L, and the C-terminal truncation Q234X (45) . Mutation of Arg186 to a tryptophan in the human enzyme (R186W) is particularly common in patients suffering from methylmalonic aciduria. The structurally equivalent residue in LrPduO, Arg128, was recently shown to influence ATP binding through the formation of a critical salt bridge with Asp35 (16) . In addition to this role, this structure demonstrates that Arg128 directly interacts with the bound cob-(II)alamin substrate. Disruptions in this interaction are likely to impair the binding and proper orientation of the Cbl substrate. A homozygous S174L mutation in the human ACA has been shown to result in a late clinical presentation of acidosis (45) . In LrPduO, the structurally equivalent residue, Gly116, is immediately adjacent to the conserved Pro115 that serves as a hinge of the lid that displaces the DMB ligand. Mutation of this residue to Leu may disrupt the loop structure and dynamics, disfavoring lid closure. Both Gly116 and Gly117 in LrPduO adopt backbone torsion angles unique to glycine. Consequently, mutations at or near this position will strain the backbone conformation immediately adjacent to the hinged lid. Indeed, a similar mutation in tryptophan synthase immediately adjacent to a hinged lid resulted in a sizable reduction in ligand binding affinity (46) . Several additional mutations characterized in patients suffering from methylmalonic aciduria, including G97E and S180W (45) , are in the spatial proximity to the hinged lid and may disrupt enzyme function by interfering with loop dynamics.
Truncation of the final 16 residues in human ACA by a homozygous nonsense mutation (Q234X) has also been shown to result in an early onset of methylmalonic aciduria (45) . The C-terminus becomes ordered upon Cbl binding and forms part of the hydrophobic pocket that excludes DMB and generates the four-coordinate intermediate. Loss of these terminal amino acids is likely to decrease the efficiency of four-coordinate cob(II)alamin formation and, thus, to disfavor the reduction of cob(II)alamin to cob(I)alamin. Detailed kinetic and spectroscopic analyses of these mutations are in progress to determine their impact on four-coordinate cob(II)alamin formation and cob(I)alamin adenosylation by LrPduO. 
